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Abstract
Background: Spatial and temporal heterogeneities in the risk of malaria have led the WHO to recommend fine-
scale stratification of the epidemiological situation, making it possible to set up actions and clinical or basic
researches targeting high-risk zones. Before initiating such studies it is necessary to define local patterns of malaria
transmission and infection (in time and in space) in order to facilitate selection of the appropriate study population
and the intervention allocation. The aim of this study was to identify, spatially and temporally, high-risk zones of
malaria, at the household level (resolution of 1 to 3 m).
Methods: This study took place in a Malian village with hyperendemic seasonal transmission as part of Mali-
Tulane Tropical Medicine Research Center (NIAID/NIH). The study design was a dynamic cohort (22 surveys,
from June 1996 to June 2001) on about 1300 children (<12 years) distributed between 173 households localized
by GPS. We used the computed parasitological data to analyzed levels of Plasmodium falciparum, P. malariae and P.
ovale infection and P. falciparum gametocyte carriage by means of time series and Kulldorff's scan statistic for
space-time cluster detection.
Results: The time series analysis determined that malaria parasitemia (primarily P. falciparum) was persistently
present throughout the population with the expected seasonal variability pattern and a downward temporal
trend. We identified six high-risk clusters of P. falciparum infection, some of which persisted despite an overall
tendency towards a decrease in risk. The first high-risk cluster of P. falciparum infection (rate ratio = 14.161) was
detected from September 1996 to October 1996, in the north of the village.
Conclusion:  This study showed that, although infection proportions tended to decrease, high-risk zones
persisted in the village particularly near temporal backwaters. Analysis of this heterogeneity at the household scale
by GIS methods lead to target preventive actions more accurately on the high-risk zones identified. This mapping
of malaria risk makes it possible to orient control programs, treating the high-risk zones identified as a matter of
priority, and to improve the planning of intervention trials or research studies on malaria.
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Background
Malaria is one of the leading causes of morbidity and mor-
tality in the world. Indeed, more than 2.4 billion people
are exposed to the risk of malaria [1]. The incidence of
malaria worldwide is estimated at 300 to 500 million
cases per year, with 90% of these cases occurring in sub-
saharan Africa. Malaria kills between 1.1 and 2.7 million
people per year, including almost one million children
under the age of five years in Sub-Saharan Africa [1,2]. The
impact of this disease, not only in terms of mortality and
morbidity, but also in terms of economic and social
losses, led the United Nations to make the fight against
malaria one of the priorities of its Special Initiative on
Africa. The persistence of malaria despite the many con-
trol programs is due partly to the very high costs of mon-
itoring, which are particularly difficult for developing
countries to bear [3,4]. In places, the relaxation of moni-
toring measures has even led to increases in disease levels.
The methods of control recommended by the WHO [1]
are based on chemical and physicochemical control of the
vector (insecticide or larvicide applications, use of mos-
quito nets impregnated with insect repellent), environ-
mental modification (e.g. draining of backwaters),
chemical prophylaxis (essentially in pregnant women and
travelers) and the early detection, containment and pre-
vention of epidemics. In addition, major progress in
research has led to the development of several candidate
vaccines, which are currently in clinical trials [5-7]. How-
ever, these control methods are expensive and therefore
cannot be implemented on a large scale and in a sustained
fashion in the economic context of developing countries
[8]. In addition, the large-scale use of anti-vectorial meas-
ures and anti-malarial prophylaxis may lead to resistance
or adaptations in the vector and in the parasite. The set-
ting up of anti-malaria actions targeting specific zones is
therefore a priority. Indeed, since 1984 the WHO has rec-
ommended control measures integrated into primary
healthcare, favoring local involvement [9]. Anti-malaria
actions, whether involving prevention, treatment or epi-
demiological information, are based at local level. Taking
into account the complexity of malaria, precise research
studies are needed, such as research on physiopathology,
immunology or genetic susceptibility to malaria or such
as intervention trials to evaluate treatments or prophylac-
tic measures (drug, vaccine, anti-vectorial devices), in
order to improve our understanding of the disease and the
control [10]. Particularly, sites for malaria vaccine field tri-
als must be precisely prepared [11]. This requires a precise
knowledge of the geographic zones at risk, the levels of
risk, the various risk factors and the exposed populations.
The highly focal nature of malaria epidemics results in
marked heterogeneity, even at the scale of a village [12].
The risk of Plasmodium falciparum infection is highly vari-
able over space and time [13]. An analysis of the local epi-
demiological situation is therefore essential and such
analyses formed one of the priorities of the 18th WHO
Report [3], reiterated in the 20th WHO Report [1]. The
WHO recommends the stratification of malaria risk. This
involves an analysis of local variations, making it possible
to define high-risk zones on a fine geographical scale, with
the aim of increasing the efficacy of anti-malaria measures
[14].
The development of geographical information systems
(GIS) has been an indispensable asset to this approach
[12]. Together with the progress of statistical methods for
spatial analysis, GIS have improved studies for the detec-
tion of clusters at high risk of diseases over space and time.
However, despite the increasing number of studies report-
ing on temporal or spatial changes in malaria risk, few
studies have analyzed this risk at a fine scale (below dis-
trict level) [4,12].
Research studies on malaria disease and intervention tri-
als, such as vaccine trials, can be improved by such a pre-
cise epidemiological modeling. Before initiating such
studies it is necessary to define local patterns and predic-
tors of malaria transmission and infection (in time and in
space). This will facilitate the selection of the appropriate
study population, the intervention allocation and will
enhance the accuracy and the efficiency of the analysis
describing the impacts of the studied interventions.
Therefore, this study aimed to identify malaria risk at
household level (resolution of 1 to 3 m), and to evaluate
changes in this risk over time, in a hyperendemic village
in Mali. These efforts to identify high-risk zones in space
and time were designed to make it possible to identify the
population at risk and local risk factors, in order to plan
vaccine trials.
Methods
Study location
The study took place in the village of Bancoumana,
located in the Sahelian zone of the Upper Niger valley
(district of Kati) about 60 km south west of Bamako, the
capital of Mali. This village covers an area of 2.5 km2 and
has a population of 8000 people [15]. The principal activ-
ities are the cultivation of rice and vegetables on the banks
of the River Niger. Bancoumana is a village of hyperen-
demic seasonally transmitted malaria [15,16]. During the
rainy season (from June to October, with temperatures of
25 to 40°C), the rate of malaria transmission is high. This
rate decreases slowly thereafter, reaching a minimum in
the middle of the dry season (around the month of Febru-
ary). Three species of Plasmodium are present: P.falciparum,
P. ovale and P. malariae. P. falciparum displays strong pre-
dominance, accounting for more than 85% of the para-
sites found [16].BMC Public Health 2006, 6:286 http://www.biomedcentral.com/1471-2458/6/286
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Population and study design
A dynamic cohort was constituted in June 1996 and fol-
lowed up until June 2001. The study included 173 of the
340 households, selected at random from each of the four
geographic blocks of the village, using a stratified sam-
pling. In each household, all the children aged 0 to 12
years were followed up, constituting the dynamic cohort
(mean: 1356.68 children per survey; 95%CI [1298.98–
1414.39]) with 1101 children for the first survey (June
1996) and 1491 children for the last survey (June 2001).
There was therefore a mean of 9.12 children per house-
hold and per survey (95% CI [8.01–10.2]). Very few chil-
dren have left the village and some are born during the
study. The age distribution did not change over time and
the dynamic cohort remained representative of the chil-
dren population (fig. 1). The surveys (22) were carried out
at the rate of about one survey every two months during
the rainy season and one every three months during the
dry season. The intervals between surveys were defined on
the basis of the previous knowledge of the seasonal trans-
mission [15,16].
Communal consent was first obtained. Then informed
oral consent was sought from the parents or guardians of
each child included, as described by Doumbo [17]. Three
families refused to participate. The entire study was
approved by the Institutional Committee on Ethics of the
Mali Faculty of Medicine, Pharmacy, and Dentistry at the
University of Bamako.
Variables
For each survey, a blood sample was taken and para-
sitemia assessed. A trained team of biologists carried out
microscopy to search for P. falciparum and its gametocytes,
P. ovale and P. malariae in Giemsa-stained thick blood
films. To control the quality of slide reading, a set of 10%
of the blood films (randomly selected at each survey) was
read by another senior biologist. In case of disagreement
the senior biologist read the entire sample of blood films.
Infection was defined as the presence of the parasite in the
thick blood film. The medical team treated children with
mild malaria: chloroquine (25 mg/kg during 3 days) was
used as the first-line treatment, according to the policy of
the National Malaria Control Program, at that time. The
WHO 14 days in vivo drug test was using to assess treat-
ment efficacy [18].
Thus, together with the intervals between surveys and
with the dynamic of Good Clinical Therapeutic
Responses, a second positive film at the time of a second
survey would correspond to another infection (re-infec-
tion) and not to a persistent infection.
The medical team permanently stayed in the village. In
any case, appropriate care was given, including hospitali-
zation in the national hospital in Bamako if necessary.
Each child was georeferenced by household (the place
where the child slept). Georeferencing was carried out
Evolution of the age distribution of the dynamic cohort over time Figure 1
Evolution of the age distribution of the dynamic cohort over time. x-axis: time (date); y-axis: percentage of children 
for each age group.BMC Public Health 2006, 6:286 http://www.biomedcentral.com/1471-2458/6/286
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using GPS (global positioning system) GeoExplorerII
mapping system (1 to 3 meters accuracy) and GIS-
ArcGIS8.3. This study focused on the spatial and temporal
analysis of malaria infection incidence, defined as the pro-
portion of re-infection (new positive thick blood films)
per household and per survey. Therefore the first survey
(June 1996) was used to control that each children was
not initially infected (disease free or treated). This survey
was removed from the statistical modeling.
The major risk factors in this village were: age, access to
treatment, thatched roofs [19], seasonality, and presence
of Anopheles breeding sites (varying with time even during
the same season). First, to take the age factor into account
in the study design, the inclusion was limited to children.
Second, because physicians were present during the study,
the access to the treatment was similar for each child.
Third, some of the dwellings were roofed with metal
sheets or (exceptionally) cement, others were thatched
(47%). As the presence of malaria vectors depends on the
presence of thatched roof, the spatio-temporal analyses
have taken into account this covariate [15,19]. Fourth, the
seasonality was taken into account by the statistical mod-
els. Fifth, our spatio-temporal analysis provided detec-
tions of high-risk zones such as Anopheles breeding sites.
Statistical analysis
We began by carrying out a global temporal analysis,
using classical ARIMA time series analysis models [20,21]
after logarithmic transformation of the incidences. These
models have been used to model time series, by break-
down into tendency, cyclic, seasonal and accidental com-
ponents. The analysis was carried out with SPSS 11.5
(SPSS Inc. Chicago, IL). The models were chosen accord-
ing to the criteria of Akaïke (AIC) and Schwartz (BIC).
We then looked for space-time clusters, using Kulldorff's
scan statistic implemented in the Satscan program
[22,23]. Widely applied [24-28] Kulldorff's Satscan pro-
gram presents the advantage of using a simple statistic for
identifying spatial or space-time clusters, based on geo-
graphic coordinates, that can be adjusted according to
covariates. This method have been used to scan the map
and time intervals, using a cylindrical window with a cir-
cular geographic base centered on each location (the
radius varying from zero to an upper predetermined limit)
and with height corresponding to time. The window was
then moved in space and time, so that for each possible
location and size, it also scanned each possible period and
thus constituted spatio-temporal clusters of possible
cases. High-risk cluster detection was performed by com-
paring the observed number of cases within the window
with the expected number, using a space-time permuta-
tion model, adjusted for temporal trends and variations
[29]. The number of expected cases was estimated accord-
ing to the assumption of a constant risk (Poisson) distri-
bution [22]. The rate ratio (RR) was defined as the ratio of
observed to expected cases. Spatio-temporal clusters were
therefore identified if, a significant excess of cases had
been observed in a geographic zone during a period. The
test of significance was based on a Poisson generalized
likelihood ratio test, using Monte-Carlo inference. The
null hypothesis of no cluster was rejected when the simu-
lated p-value was less than or equal to 0.1. For Monte-
Carlo inference, 999 replications were performed. The
unit of space was defined by the coordinates of the house-
holds and the unit of time was one month. The maximum
size of the time frame was 50% of the study period. We
calculated 95% confidence intervals of percentages, using
Wilson's method [30].
Results
Time series
During the five years of the study, 22 surveys were carried
out, resulting in the analysis of 31200 thick blood films.
We identified 13861 cases of P. falciparum infection over
the entire study period (including 1594 cases of blood
films positive for gametocytes), 612 cases of P. malariae
infection and 185 cases of P. ovale infection.
Chloroquine was efficacious against falciparum malaria
during the study period. The dynamic of rate of Good
Clinical Therapeutic Responses was 86.7% in 1996,
88.3% in 1997, 97.2 in 1998, 97.1% in 1999, 94.4% in
2000 and 92.5% in 2001.
P. falciparum infection incidence displayed a clear sea-
sonal pattern on modeling (fig. 2). The constant decrease
in infection from year to year was significant (p = 0.01),
but remained weak (-0.107 after logarithmic transforma-
tion, standard deviation (SD) = 0.037) (fig. 3). A similar
model was obtained for P. falciparum gametocyte carriage,
with a seasonal pattern and slight decrease (constant = -
0.205, SD = 0.096, p = 0.05) (fig. 4).
An analysis of changes in the P. malariae incidence dem-
onstrated a significant, first-order, autoregressive compo-
nent (AR1) displaying a constant decrease (AR1 = 0.782,
SD = 0.079, p < 0.0001; constant = -4.085, SD = 0.272, p
< 0.0001) (fig. 5), with no significant seasonal compo-
nent. The incident cases of infection with P. ovale were
too few (less than 2.5%) for a pattern of change to be
identified.
Space-time analysis
The search for space-time clusters of P. falciparum infec-
tion demonstrated heterogeneity in both time and space.
Indeed, we identified 6 significant clusters, at an α risk of
10% (Table 1). Four of the clusters occurred around 2000
and two occurred around 1996. Cluster 2, which was asso-BMC Public Health 2006, 6:286 http://www.biomedcentral.com/1471-2458/6/286
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ciated with the highest risk of malaria (ratio of observed
to expected cases RR = 14.161), extended over 2 month
(September and October 1996) and concerned a single
household in the north of the village. Cluster 4 extended
over a long period, from October 1999 to February 2001,
with a high rate ratio (ratio of observed to expected cases
RR = 2.92). This cluster concerned a single household in
the northeast of the village (fig. 6). Cluster 5 was the larg-
est, with a radius of 0.2 km (11 households) and was
located in the west of the village. It presented a moder-
ately high rate ratio (RR = 1.4). This cluster extended from
September 1999 to June 2000. Clusters were identified in
both the rainy and dry seasons, with some extending over
several seasons. Furthermore, clusters did not necessarily
correspond to peaks or troughs in the time series.
For P. falciparum gametocyte carriages (table 2), the anal-
ysis identified two time clusters, located close together in
space (about 200 m apart on the ground). The first began
at the end of cluster 2 for P. falciparum infections (i.e. in
November 1996), about 300 m away (fig. 6a and 6b),
with a moderately high rate ratio (RR = 1.65). The second
cluster began one month before cluster 4 for P. falciparum
infections (i.e. September 1999), 600 m away, with a high
rate ratio (RR = 3.08). It extended until May 2000 and was
therefore contemporary to clusters 1, 4, 5 and 6 for P. fal-
ciparum infection.
P. malariae presented two space-time clusters of infection
significant at an α risk of 10% (table 3). The first, with a
rate ratio of 2.27, was located in the southwest of the vil-
lage and extended from October 1999 to June 2000. It
therefore occurred at a similar time and in a similar place
to most of the P. falciparum infection and gametocyte car-
riage clusters. The second cluster of P.malariae infections
had a very high rate ratio (8.82). It was isolated in time,
extending from September 1998 to June 1999. This cluster
was located in the east of the village, in a zone in which
Changes in the incidence of the three Plasmodium species and P. falciparum gametocyte in children Figure 2
Changes in the incidence of the three Plasmodium species and P. falciparum gametocyte in children. x-axis: time 
(date); y-axis: percentage of newly infected children.BMC Public Health 2006, 6:286 http://www.biomedcentral.com/1471-2458/6/286
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other clusters were found at different times (clusters 1 and
2 for gametocyte carriage and cluster 1 for P. falciparum
infection).
Finally, an analysis of P. ovale infection identified no sig-
nificant space-time clusters (data not shown).
Discussion
By identifying high-risk zones of malaria, this study made
it possibly to stratify local risk temporally and spatially, as
recommended by the WHO [1,2]. Although the entire
region is classified as a high-risk zone for malaria (MARA
prevalence estimation = 62.27%; 95%CI
[56.37%;68.18%]) [31], the identification of clusters
demonstrates the high variability of malaria risk over
space and time in this village. The use of a GIS made it
possible to analyze these variations precisely, at the level
of households (resolution of 1 to 3 m), improving our
knowledge of the disease in this village, thereby facilitat-
ing its control and its understanding, above all to plan
anti-malaria intervention trials.
The time series of P. falciparum incidences are consistent
with the well-known seasonality of infection (strongly
linked to the rainy season), with marked regularity.
Indeed, incidence peaked in October or September. We
noted a persistence of high incidence into the start of
2000, due to the rains occurring in January 2000. Overall,
the re-infection with P. falciparum peaked at a maximum
of almost 70% (95%CI [68.1%-73.3%]) of the children
studied (October 1996).
The incidence of carriage of P. falciparum gametocytes
changed in a much less regular manner over time, nota-
bly, peaks in February and December in 1998. The peak in
August 1999 was very large, exceeding the upper bound of
the 95%CI. No such abrupt change was seen in changes in
the P. falciparum incidence. There is presumably a link
Modeling of changes in the incidence of P. falciparum infection Figure 3
Modeling of changes in the incidence of P. falciparum infection. The model (including seasonality and a constant 
decrease in infection incidence from year to year) is presented in bold. The bounds of the 95% confidence interval are indi-
cated as dotted lines. The observed data are shown as a solid line with squares to mark the observation points. x-axis: time 
(date); y-axis: percentage of newly infected children.BMC Public Health 2006, 6:286 http://www.biomedcentral.com/1471-2458/6/286
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between this peak in the gametocyte carriage prevalence
and the lengthening of the epidemic period in 1999.
A tendency towards decreasing P. falciparum incidence has
been reported in other studies at the same site [15,16].
This tendency is unlikely to be due to natural changes in
the frequency of P. falciparum in the region. It is also
unlikely to be due to changes in the village, particularly as
the proportion of dwellings with thatched roofs remained
constant (about 47%). Similarly, this tendency almost
certainly does not result from changes in the number of
children included over time as the number of children
included was already large at the start of the study and this
infection is hyperendemic in this region. The tendency of
P. falciparum re-infection to decrease is probably linked to
the presence of the medical team in a population already
highly aware of the problem of malaria, and also to the
treatment of all infected children. Correct usage of chloro-
quine as the first line drug for malaria treatment has
reduced significantly the self medication in the village of
Bancoumana. The proportion of malaria self medication
went from 6.5% in 1997 to 3.8% in 1998, 3.7% in 1999,
and 0.8% in 2000 [18]. This was able to reduce chloro-
quino-resistant malaria parasites at the study site of Ban-
coumana. By contrast, we observed much more erratic
changes in incidence with P. malariae and P. ovale, not
consistent with seasonal transmission.
This pattern, although similar to pattern obtained for
other geographic locations [4], describe an average over
the entire area studied and does not take into account the
geographic heterogeneity that exists, even at the small
scale of a village. At household level, we can therefore call
into question the globally seasonal pattern of transmis-
sion with a tendency towards decreasing incidence.
The transmission of P. falciparum is linked to local factors
that must be identified before initiating control programs
Modeling of changes in P. falciparum gametocyte carriage Figure 4
Modeling of changes in P. falciparum gametocyte carriage. The models (including seasonality and a constant decrease 
in infection incidence from year to year) are presented in bold. The bounds of the 95% confidence interval are indicated as dot-
ted lines. The observed data are shown as a solid line with squares to mark the observation points. x-axis: time (date); y-axis: 
percentage of newly infected children.BMC Public Health 2006, 6:286 http://www.biomedcentral.com/1471-2458/6/286
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or research studies. The change in clusters over space and
time is presumably linked to spatial and temporal
changes in local factors, such as temporary backwaters in
particular. Note that cluster 5 for P. falciparum infection is
located on a recent site of adobe brick production. This
process involves the removal of earth for the production
of bricks by local craftsmen and the resulting excavations
create breeding sites for mosquitoes.
These results showed that the analysis of mean changes
over time at the level of an entire village is of too low a res-
olution whereas the search for high-risk clusters makes it
possible to find a suitable interpretation for spatial and
temporal changes in P. falciparum infection.
We observed proximity in time and space between clusters
of  P. falciparum infections and of gametocyte carriage.
These observations should alert epidemiologists in the
field to the existence of this zone of particularly high risk.
Similarly, the extreme proximity of the two clusters of
gametocyte carriage also indicates particularly high risk of
transmission to the Anopheles mosquitoes. The first of the
two clusters of P. malariae infections occurred close in
space and time to clusters of P. falciparum infection, indi-
cating the existence of local risk factors common to these
two types of infection such as breeding sites for mosqui-
toes. The presence of space-time clusters of P. malariae
infection should serve as an additional alarm signal.
The detection of clusters with a high risk of infection
extending over several rainy seasons suggests that if that
cluster had been identified when it first appeared, it might
have been possible to control the risk by means of surveys
on the ground to identify risk factors and the implemen-
tation of targeted control measures for this geographic
zone. Although some publications have reported epide-
Modeling of changes in the incidence of P. malariae infection Figure 5
Modeling of changes in the incidence of P. malariae infection. The models (including seasonality and a constant 
decrease in infection incidence from year to year) are presented in bold. The bounds of the 95% confidence interval are indi-
cated as dotted lines. The observed data are shown as a solid line with squares to mark the observation points. x-axis: time 
(date); y-axis: percentage of newly infected children.BMC Public Health 2006, 6:286 http://www.biomedcentral.com/1471-2458/6/286
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miological analyses at district level, few have considered
finer scale analyses [32-37] and only rarely has a spatial or
spatio-temporal statistical model been used [12,38-40].
In this work, we studied three endemic species of Plasmo-
dium. The relationships between these species are complex
[41-43], particularly as P. falciparum is largely predomi-
nant in Mali. However, the environmental risk factors for
infections with these species are largely similar. Thus,
mapping the risk of infection with P. ovale or P. malariae
also provides useful information concerning the risk of
infection with P. falciparum [44]. Furthermore, space-time
analysis of these different species of Plasmodium  could
improve the understanding of their relationships. Simi-
larly, an analysis of blood infection with P. falciparum
gametocytes provides an indication of spatial and tempo-
ral variations in malaria transmission and improves the
understanding of the transmission process.
Kulldorff 's permutation model was chosen because it has
several advantages: it uses only the number of cases and
their localization, with no need for population at risk
data; it adjusts for confounding variables; there is no pre-
selection bias since the clusters are searched with no prior
hypothesis on their location, size or time period; the test
statistic takes into account multiple testing and delivers a
single p-value [29]. Unfortunately, it is not possible to
estimate confidence intervals for the rate ratios of clusters
detected by scan statistics, because of the multiple testing
part of the many circles evaluated.
The environmental measures recommended by the WHO
[1] provide selective and targeted means of malaria con-
trol. In particular, the specific management of an environ-
ment favoring the proliferation of vectors can significantly
decrease transmission [14]. The choice of interventions
and their relative importance are determined by our
understanding of environmental heterogeneity [8,45-47]
at a sufficiently fine scale. Furthermore, in front of the
high complexity of malaria transmission and infection,
study populations and study environment have to be pre-
cisely evaluated before planning research studies and
intervention trials [11]. The development of GIS has made
it possible to increase this so-called "micro-epidemiologi-
cal" knowledge [48]. This understanding and manage-
ment of the environment could be applied in large African
cities. The towns of Sub-Saharan Africa are growing very
rapidly. The urbanization is associated with poverty, and
leads to an increase in the number of malaria cases.
Indeed, the new quarters created tend to lack basic sanita-
tion structures, have high-density, poor-quality housing
and there are often no drains, all of which results in the
emergence of Anopheles breeding sites [1,14,48-50]. This
situation favors large increases in the number of malaria
epidemics. The detailed mapping of malaria infections in
these quarters at high-risk is therefore a matter of urgency,
to guide targeted interventions and studies [48,49].
Conclusion
We must remember that trends indicating a decrease in
incidence describe an average over the entire area studied.
This marginal analysis should not be allowed to mask the
heterogeneous distribution of malaria. Indeed, despite the
overall trend, high-risk zones may persist in villages, as
shown here. Even at this scale, changes are heterogeneous
and probably depend on changes in the number of mos-
Table 1: Space-time clusters of infection with P. falciparum.
Cluster Rate Ratio (Obs/Exp)† Surv§ Loc¶ p**
Coordinates* Radius Km Time frame
1 X = -8.26398
Y = 12.206213
0.18 2000/04
2000/05
5.495
(26/4.73)
11 5 0 . 0 0 1
2 X = -8.26605
Y = 12.211784
01 9 9 6 / 0 9
1996/10
14.161
(8/0.56)
11 0 . 0 0 1
3 X = -8.2667
Y = 12.207973
01 9 9 6 / 0 7
1996/10
2.298
(53/23.99)
21 0 . 0 0 2
4 X = -8.2621
Y = 12.211801
01 9 9 9 / 1 0
2001/02
2.924
(30/10.26)
51 0 . 0 0 4
5 X = -8.27033
Y = 12.206117
0.2 1999/09
2000/06
1.406
(222/158.19)
31 1 0 . 0 0 7
6 X = -8.26797
Y = 12.199266
0.09 2000/04
2000/05
3.891
(15/3.85)
17 0 . 0 8
*: GPS coordinates of the centre of the cluster
†: obs: number of cases observed in the cluster; exp: number of cases expected under the null hypothesis.
§ number of survey during the time period.
¶ number of locations
**: p-value (α = 10%).BMC Public Health 2006, 6:286 http://www.biomedcentral.com/1471-2458/6/286
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quito breeding sites (creation and destruction, whether
spontaneous or due to human activities).
Analysis at the level of households, using GIS, makes it
possible to determine precisely the pattern of heterogene-
ity in the risk of P. falciparum infection and transmission.
The micro-epidemiological modeling makes it possible to
orient control programs, treating the high-risk zones iden-
tified as a matter of priority, and to improve the planning
of intervention trials or research studies on malaria. War-
ranting the use of such data analysis approach, in 2006
the Malaria Vaccine Development Branch (MVDB) at the
Spatial and temporal locations of infection clusters Figure 6
Spatial and temporal locations of infection clusters: (a) October 1996, (b) October 1997, (c) December 1998, (d) 
May 2000. dots represent the households. Rate Ratio are presented in brackets near each cluster. P.f.: cluster of P. falciparum 
infections (in red). gam: cluster of P. falciparum gametocyte carriages (in green). P.m.: cluster of P. malariae infections (in blue). 
The four time frames were selected such that all the clusters were represented. For each of the 4 time frames, the x- and y-
axis represent the GPS coordinates.BMC Public Health 2006, 6:286 http://www.biomedcentral.com/1471-2458/6/286
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NIAID/NIH, and the Malaria Research and Training
Center (MRTC) at the Department of Epidemiology of
Parasitic Diseases (DEAP), University of Bamako, have set
up a malaria vaccine trials site (phase I, II, III) at Bancou-
mana.
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